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The primary production of the marine and the terrestrial domains are similar, ∼49 and 56 Gt
C year−1, respectively (Field et al., 1998), and the marine primary production must likely be
more readily available for grazing animals because it is primarily in the form of unicellular
phytoplankton. We harvest the ocean quite efficiently, perhaps beyond its sustainable yields
(Marra, 2005), and it is therefore surprising that only some 2% of human food are from aquatic
systems, including marine and freshwater aquaculture and fisheries (Figure 1A, faostat3.fao.org
and fao.org/fishery/statistics/en). This number is valid for total weight based food production. For
animal meat and for animal products totally (milk and egg included), the aquatic food acquisition
is more important, contributing 34 and 12%, respectively, of the total production in terrestrial and
aquatic systems (Figures 1A–C).
The combined production of global aquaculture in the sea and in freshwater is currently similar
to that harvested from the sea (Figure 1B). As much as 96% of the plant production is frommarine
aquaculture, or mariculture, whereas 44% of the total fish production is cultured. Fish is totally
dominant in freshwater aquaculture (>99%).
The production of seaweed has increased most rapidly over the last two decades (Olsen,
2011, fao.org/fishery/statistics/en) and the production is presently similar to the sum of mollusks,
crustacean and fish (Figure 1C). The production of mollusk has also increased rapidly while
crustaceans and fish that need to be fed have increased slower over many decades. There is already
a relatively severe limitation in the availability of feed resources of marine origin needed for fish
and crustaceans, because almost all species maintained in intensive production are provided with
some marine resources in their feed (Tacon and Metian, 2008). Agricultural plant products have
gradually been included in feed for fish and shrimps over the last two decades, now representing a
substantial type of resources in the feed for these carnivores (Olsen, 2011).
It is an ultimate challenge and question if agriculture can supply the food needed by the
increasing global human population in the 21st Century, reaching 9.5 (8.3–10.9) billion by 2050
(UN, 2012a), a population showing a steadily increasing buying power. Among the main concerns
is supply of freshwater (Oki and Kanae, 2006; Duarte et al., 2009), availability of phosphate as
fertilizers (Cordell and White, 2014), new space needed for increasing production, environmental
interactions and climate change (UN, 2012b; FAO, 2014), raising doubts about global food security
in the decades to come (Miller, 2008). It is because of this situation and the “food crisis” in 2008
that many, including FAO and the Rio+20 conference, encourage fisheries and mariculture to take
a more prominent role in human food security (UN, 2012b; FAO, 2014).
Terrestrial agriculture is today far more important than marine food acquisition, and this
originate in a major difference in the human seafood chain and agriculture food chain, a difference
often not considered (Duarte et al., 2009). With a comparable input of primary production
(Field et al., 1998), the low seafood provision from mariculture and fisheries as compared to
that from agriculture is a consequence of the additional trophic levels in the oceans (Ryther,
1969). Humans feed in fact around two steps higher in the seafood chain than in the agriculture
food chain (Duarte et al., 2009; Olsen, 2011). This fact is likely the main reason why only
Olsen Mariculture can help feed humanity
A B C
FIGURE 1 | Food production with its main components in agriculture (A), plant and animal production in different aquatic systems (B) and the overall
composition of main groups produced in mariculture (C). Note the different scales of the y-axis (Mt, megatons or million tons).
1.4% of our food comes from the marine domain, or totally 1.9%
comes from aquatic systems (Figure 1). It is a main challenge to
reduce, if not close, that gap. The metabolic losses originating
from a high number of trophic transfers must then be reduced,
and mariculture opens several options to reduce these losses
which are not available in fisheries. The challenge has scientific,
technological and social implications, interacting with policy
questions regarding natural resources. It is a great challenge
for the aquaculture industry, science and society in the 21st
Century.
A general objective of developing mariculture is accordingly
to continue increasing seafood production in mariculture by
reducing the number of trophic transfers in the seafood chain,
meaning that cultured animals, and thereby also humans,
should be moved to lower trophic levels in the seafood chain.
The increased production must not compromise functional
ecosystems and biodiversity (UN, 2012b; FAO, 2014). All human
activities have environmental costs, but the influence must be
kept within acceptable limits.
The objective is clear and it will become paramount that
Governments of coastal states, all involved stakeholders
and society must support that development. Known
constraints for the further development and expansion of
mariculture involve legal questions, technology, feed resources,
coastal space, environmental interactions and an efficient
infrastructure, and new upcoming constraints will likely
appear.
An overall strategy for developing mariculture should be
based on a roadmap for how this objective can be achieved.
It is important to note that this development toward reducing
the number of trophic transfers in the seafood chain is already
ongoing, but it is normally not thought of in terms of shortening
the seafood chain. Seaweeds and mollusks farming are the
fastest growing sectors in global mariculture, showing that the
production in mariculture already for two decades has developed
toward lower trophic levels. Moreover, the feed resources used
for farmed carnivore animals are increasingly coming from
agricultural plants (Naylor et al., 2009; Kaushik and Troell,
2010; Olsen, 2011), and because of this, carnivore fish are
already moved more than one trophic level down in the food
chain as compared to their wild stocks (Olsen, 2011). It is
likely that mariculture and aquatic food production can only
become more important relative to terrestrial agriculture if
the ratio plants:animals produced in mariculture (1.1 in 2013)
becomes more similar to that in agriculture (7.7) (Lovatelli
et al., 2013), because there are obvious resource limitations
for production of carnivore animals in the sea. More seaweed
production is needed to include more seaweed products in the
feed of cultured marine animals, and this will likely also result
in more use of seaweed for human food, like in many Asian
countries.
The fundamental aspects above have implications for all
common scientific issues of aquaculture, and an overall
general strategy of developing mariculture might among others
involve:
• Culture of more low trophic level species or groups (e.g.,
omnivore fish, mollusks and seaweed).
• Bring carnivore fish and crustaceans to lower trophic
level by using more feed resources from low trophic
level, e.g., seaweed, microbes, plants and other non-fish
resources.
• Use the available fish meal and fish oil in an optimal
way, the available quantity will likely become reduced with
time.
• Strive for more ecological thinking in mariculture, the
wastes of one organism is the food for another, integrate
cultures.
• Comply with regulations to reduce and control environmental
interactions ofmariculture, at cultivation sites and in the entire
life cycle of mariculture.
• Adopt established technology and systems from current
aquaculture practices to new systems and organisms, including
production systems, methods of cultivation, and health and
welfare management.
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The challenge of preparing feeds for carnivore animals based
on plant or ingredients from cultures of microbes is not
trivial; a nutritionally adequate feed for fish must contain
sufficient amounts of marine lipids with long chain, highly
unsaturated fatty acids (e.g., DHA), which are important for
human health and only abundant in aquatic food chains (Olsen,
2011). This challenge has been less in agriculture where the
domesticated animals are herbivore. The dominant species and
groups produced in future mariculture will likely depend on
our ability to establish new feed resources with a marine lipid
profile. There are few attractive herbivore fish species in the
marine environment, and extractive organisms like mollusks and
seaweed will become more dominant if feed resources become
even more limiting.
In the efforts to derive new feed resources, an overall
aim should also be to establish resources that are not major
components of the human food chain (e.g., taken from today’s
commodity markets) and to take most of these new resources
from the sea in order to establish a more self-sufficient
mariculture food chain on a longer time perspective (Duarte
et al., 2009; Lovatelli et al., 2013). It should not be taken for
granted that society will accept that agricultural food products
for human food are used widely for animal production in the
future.
In a scenario of expanding production, it is important that
most coastal nations have non-protected coasts and will need
aquaculture production systems for exposed coastal waters,
which is generally not commercially established. The production
of juvenile plants and animals will still normally be undertaken
in land based or protected sea locations, and reuse of water and
saving of energy for heating water has become important issues.
For many regions and costal states, the questions on available
coastal space together with international legislation that regulates
commercial activities in international waters is an important
consideration, bringing in aspects of governance (Lovatelli et al.,
2013).
Other questions regarding mariculture expansion involve
species and group diversification, biology and zoo-techniques
for cultivation, feeding and nutritional requirements, efficiency
in feed utilization, and health and welfare issues for new
and already cultured groups and species. These are questions
raised in aquaculture research and development in recent
times, and are still important for a further expansion. New
enabling technologies and methods of biotechnology, including
industrial biotechnology, will likely become important for
developing mariculture. Other important enabling technologies
involve material technologies (e.g., nano-technology) and aspects
of information technologies, and modeling of processes will
continue to develop.
Dependent of hydrodynamic and other water use, mariculture
activities may interact with the marine environment. Pollution
from other industries and densely populated urban settlements
may threat seafood safety. Aquaculture sites release metabolic
wastes and sometimes also toxic compounds, for example
components originating from pharmaceutical agents. Both
environmental- and resource footprints of mariculture
revealed through impact studies and life cycle studies are
important, including the influence of and on the global
carbon cycle and climate. These issues, as well as genetic
and disease aspects related to escapes of farmed organisms,
bring in aspects of economy, management and governance as
specific challenges faced by mariculture worldwide (e.g., see
Liu et al., 2011).
The food production level of global mariculture can
only approach that in agriculture if the number of trophic
transfers and the metabolic losses in the seafood chain can be
reduced, which means that humans eating seafood are moved
to lower trophic levels (Duarte et al., 2009; Olsen, 2011).
Such changes have as mentioned characterized developments
in mariculture already for a decade or two, and must
continue. Joining forces and taking the right steps, it is a
reasonable expectation that the protein production in the
sea will exceed that in agriculture (Duarte et al., 2009). If
the total production in mariculture continues to grow by
6–7% yr−1 as through 2000–2013, it will reach 5–600 Mt
by 2050.
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